
il

PHYSICAL REVIEW B 67, 012401 ~2003!
Magnetic surface phase of thin helimagnetic films
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We study the magnetic phases of a thin helimagnetic film, with thec axis along the normal to the surface,
in the presence of a dc external fieldH parallel to thec axis. For small values ofH we have found a conical
phase, as in the bulk, with small modifications near the surfaces. This surface modified conical phase collapses
into a planar structure, the c-fan phase, whenH is greater than a threshold valueH* . The c-fan phase consists
of a magnetic pattern in which the magnetic moments are in a plane perpendicular to the surface, containing
one of the easy directions of the basal plane. We show that the c-fan phase does not form in the bulk and
present results for aDy thin film near the Ne`el temperature.
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The rare-earth~RE! elements exhibit a reach variety o
magnetic phases, either resulting from thermal effects or
duced by external magnetic fields. Their magnetic proper
result from the exchange interaction of the localized 4f elec-
tronic magnetic moments, mediated by the conduction e
trons, and the crystal field effects.1–4

Multilayers made of RE films interleaved with layers
magnetic or nonmagnetic materials, have attracted a g
deal of research effort recently.5–9 The interaction of the
magnetic layers has often been the focus of investigation
this regard the coherence of the magnetic structure has
served considerable attention.10

Experimental reports onDy/Y superlattices11,12 revealed
that the magnetic order propagates coherently through
nonmagnetic films with a coherence length of several su
lattice periods. Different results were reported on the
superlattices comprising magnetic elements with compe
anisotropies, such asHo/Er.13 It was shown that the order
ing of the Er layers tends to destroy the coherence of
ordering in the basal plane.

The superlattice effects found in the response of a
multilayer to static external fields are to a great extent g
erned by the intrinsic properties of the RE films. New ma
netic states were reported from the interpretation of fi
cooling experiments inDy/Gd superlattices. The new mag
netic states were found to emerge from the intrinsic prop
ties of the components and the interaction betwe
layers.14,15

Thin-film properties were studied from the field induc
loss of magnetic coherence inDy/Y superlattices near th
Nèel temperature.11 The loss of coherence was attributed to
disorder in the arrangements of untwistedDy helices in-
duced by a small external field (H50.15 T). The value of
the effective coupling betweenDy films was estimated to be
of the order of 10216 ergs. This value is one order of mag
nitude smaller than the exchange interaction within theDy
film.4 The field dependence of the helical state was inve
gated. ForH.0.55 T the increase in magnetization was
tributed to field effects in the helical order of theDy films.11

The RE multilayers have so far most commonly be
grown along thec axis and the investigation often focuses
the interface or superlattice effects on the basal plane m
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netic phases.11–17 These studies rely on the details of th
magnetic order of thin RE films composing the multilayer

Size effects may produce relevant modifications in
known magnetic phases of RE elements. Finite size
proximity effects become more important for thin films, b
cause the near surface spins represent a non-negligible
tion of the spins in the film. In a recent study ofHo films, it
was found that the helical order is stable even for films w
thickness of the order of the helix period.17

In the bulk helimagnetic phase, spins in a given ba
plane order ferromagnetically, and a constant turn anglev is
kept between the spins in neighboring planes. The magn
structure can be seen as a chain of spins, each represe
the magnetic moment per lattice site in the basal plane.3,4 In
thin films, with surfaces perpendicular to thec axis, the mag-
netic moments in a given basal plane remain equivalent, a
the bulk helical order, although the magnetic moments
different planes are not equivalent.14,18 In the neighborhood
of the surfaces the spins are softer due to the reduction in
local coordination of the atoms.

Finite-size effects on thin helimagnetic films, subjected
external field in the basal plane, have been the subjec
recent works.18,19 It has been shown19 that the reduced coor
dination near surfaces may favor the nucleation of the hel
phase. In the helifan phase the magnetic structure comp
portions of the fan phase and helix phase following ea
other in a periodic way.20,21 The surface nucleation of th
helifan was attributed to the existence of softer spins in
near surface region.19

In this paper we discuss the effect of external fieldH,
applied along thec axis, in the magnetic structure of a thi
Dy film. The action of ac axis external field on the bulk
helical order is to produce a conical arrangement of
spins, as sketched in Fig. 1~a!. In thin films the lower coor-
dination in the near surface region leads to modifications
the conical order. These effects are stronger when the pl
anisotropy is weak. Thus we study the magnetic phases
the Nèel temperature.

We have found that for small values ofH a surface modi-
fied conical phase is formed, where the projection of
moments in the basal plane follows the helical order and
©2003 The American Physical Society01-1
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polar angle is not uniform. Instead, near the surfaces the
a reduction of the polar angle compared to the value in
center of the thin film.

Above a critical value of the external field,H* , the sur-
face modified conical phase collapses into a planar struct
that we call c-fan, which resembles the fan phase.1 In the
c-fan phase the magnetic moments are in a plane contai
the c axis and thea axis, as sketched in Fig. 1~b!. In this
phase the polar angle of the magnetic moments of succes
atomic planes oscillate with an amplitude which decrease
the external field increases. The period of the structure is
of the helix.

We use a self-consistent local-field model which incorp
rates the surface modifications in the exchange field and
been previously used14,22,23 in the study of the magnetic
phases of multilayers and RE thin films.18,19

We model the RE film as a stack of atomic monolaye
infinitely extended in thex-y directions. Each monolayer i
exchange coupled with the first and second neighbor mo
layers. The anisotropy is uniform throughout the film and
near surface spins have reduced exchange energy. The
netic Hamiltonian is given by

H52J1 (
n51

N21

SW ~n!•SW ~n11!2J2 (
n51

N22

SW ~n!•SW ~n12!

1 (
n51

N

$DSz
2~n!1K6

6sinun
6cos~6wn!2gSW ~n!•HW %.

~1!

J1 and J2 describe the exchange interaction between
nearest and next-nearest monolayers,SW (n) denotes spins in
the nth monolayer andgSW (n) is the magnetic moment pe
layer.D andK6

6 describe the planar and hexagonal anisot

pies andHW is the external field.
Surface effects are incorporated in the model since

spins near the surfaces have the exchange energy reduc
the absence of nearest and/or second nearest neighbor
use theDy bulk energy parameters4 for temperature close to
the Nèel temperature: J156.07310222 J, J2522.07
310222 J, D50.24310222 J, with S55/2. We take the ab-
solute value ofgSW (n) as 4.0mB as found for theDy ions in
weakly coupled Dy films in Dy/Y superlattices forT

FIG. 1. Schematic representation of the magnetic structure w
a thin helimagnetic film is subjected to an external field along thc
axis. ~a! The bulk conical phase.~b! The thin-film c-fan phase.
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5150° K.11 We also use a small hexagonal anisotropy e
ergy, two orders of magnitude smaller than the planar ani
ropy as found for the bulk.24

We useuSW (n)u5S, so that the components ofSW (n) are
Sx(n)5Ssin(un)cos(wn), Sy(n)5Ssin(un)sin(wn) and Sx(n)
5Scos(un), whereun andwn are the angles with thez axis
and x axis. The equilibrium configuration is the profil
$un ,wn ;n51, . . . ,N% that minimizes the magnetic energ
In equilibrium the torque on every spinSW (n) is zero$SW (n)
3@]H/]SW (n)#50%. We have found that for a given value o
the external fieldH there are several profiles that fulfills th
condition. The equilibrium profile is selected as that whi
gives the lowest energy.

The spins of the first two planes near the surfacesn
51,2,N21 andN) are directly affected by surface effect
However, the lack of coordination near the surfaces may
felt by spins deep inside the film. We have found that surfa
effects are not restricted to the surface layers. The numbe
monolayers modified by the surface effects depends on
way the effective local-field relaxes towards the bulk patte
in the middle of the film.

In Fig. 2 we show the magnetic profiles for external fie
strength below the threshold value H* . The curves are for
H50, H53 T, and H58 T. The angular profile in the
basal plane is the same for the chosen values ofH and con-
sists in a helix with small modifications near the surfaces

The values of the angles in basal plane (wn ,n51,N) are
shown in the inset and the undistorted helix sections co
spond to straight lines in the figure, indicating a constant t
angle between the planes. The polar angleun profile, how-
ever, is not uniform as in the bulk conical phase. ForH
53 T the center of the film is in a slightly modified conic
phase and the surfaces exhibit oscillations inun . For H
58 T the whole film is affected by surface effects. For larg
values ofH the oscillations inun are stronger and the orde
in the basal plane is modified.

In Fig. 3 we show the angles corresponding to the m
netic profile for H.H* . In this figure it is seen that the
projection of the spins in the basal plane no longer follow
helical order. Instead, the moments lie in a plane, cor

en

FIG. 2. Polar anglesun for a 18 monolayers thickDy film, in
the absence of a field and for fieldsH53 T andH58 T applied
along thec axis. In the inset we show the angleswn . The projection
in the basal plane is a helical pattern slightly modified near
surfaces.
1-2
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sponding in the figure tow50° andw52180°, which con-
tains thea axis and thec axis. The polar angle profile displa
oscillations whose amplitude gradually decrease as the e
nal field strength is increased. The transition to the c-
phase produces a relevant change in the slope of the ma
tization curve. The static susceptibilityx5]Mz /]H drops as
seen in Fig. 4.

For theN518 layers filmH* 516 T and is lower than the
value of field (Hs517.56 T) which in the bulk would pro-
duce saturation of the magnetization. We have found thatH*
decreases for thinner films.

In order to investigate the existence of the c-fan phas
the bulk, we follow Nagamiya,1 considering a magnetic pa
tern where the moments are in a plane containing thea axis
and thec axis. We take

sinS fn

2 D52j~H !sin~nq!, ~2!

whereq is the helical wave number andj(H) is the ampli-
tude of the oscillations of the anglesfn with the c axis.

In the limit of small amplitude, the magnetic energy p
helix is a biquadratic function ofj(H). Minimizing the en-
ergy we find

FIG. 3. Polar anglesun of a 18 monolayers thickDy film. The
curves correspond toH516.15 T, H516.65 T, andH516.85 T.
In the inset we show the angleswn with the a axis. The magnetic
moments are in a plane containing thec axis and thea axis.

FIG. 4. Static suscpetibility of an 18 monolayers thickDy film.
The external field is shown in units ofH* andx is shown in units
of MS /H* , whereMS is the saturation moment. ForH5H* there
is a clear reduction in the static susceptibility.
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m~Ho2H !

2@3J~q!22J~0!2J~2q!16D#S2
, ~3!

with

mHo5@J~q!2J~0!12D#S2, ~4!

where m is the magnetic moment per ion andJ(q)
52(n51,2Jncos(nq).

The energy of the magnetic phase described by Eq.~2!
referred to the energy of the conical phase is given by

dE5
m~dH !2

2Ho

S D28J2sin4
q

2
@112 cosq#2DS2

H mHo1S D28J2sin4
q

2
@112 cosq#2DS2J ,

~5!

where dH5Ho2H. Since J2,0 and D.0 the conical
phase has lower energy for any value ofH. Therefore the
c-fan phase does not exist in the bulk.

Note that the transition to the c-fan phase involves a
evant change of symmetry. For small field strength the m
netic pattern is almost invariant under a rotation of the s
tem around thec-axis. This is not the case in the c-fan phas
because all the magnetic moments lie in the same pla
Thus this phase transition might be a subject for experim
tal studies with neutron scattering.

In the case ofDy/Y superlattices one may find an inte
esting situation if the effective coupling between the ma
netic films is small compared to the intrinsic exchange
ergy within the magnetic films. The c-fan phase is threef
degenerate since any easy direction in the basal plan
equally good for the formation of the c-fan. Thus one m
find a long-range coherence of the c-fan phase across
superlattice or not depending on the value of the Zeem
energy per RE film compared to the effective coupling b
tween the RE films. A similar reasoning has been used
interpret the unusual magnetization process ofDy/Y super-
lattices with the external field applied in the basal plane.11

We have used free surface boundary conditions and
values of the parameters in the magnetic hamiltonian
appropriate for fitting experimental data of bulk Dy. The a
tual value of the parameters for thin films may depend
size and proximity effects, either in the case of RE thin film
in superlattices or trilayers such as theY/RE/Y system.11

However, this should not impact our predictions seriou
since the key features for the nucleation of the c-fan ph
are the small value of the planar anisotropy compared to
exchange energies and the reduction in the exchange en
near the surfaces. These conditions are likely to be fulfil
for weakly coupled thinDy films in superlattices or in
trilayers.

K6
6 is too small and its value does not affect the value

H* , however, it is important to set the structure of the c-fa
We have examined the effect of reducing the hexagonal
isotropy and found that the c-fan state turns highly degen
ate in the limit of low values ofK6

6, since the directions in
the basal plane become equivalent. ForK6

650 the conver-
gence of the numerical algorithm becomes very slow, ho
1-3
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ever the c-fan state nucleates at the same external
strength (H* 516 T) and no visible change is seen in t
static susceptibility~Fig. 4!.

We have also made numerical simulations of the b
response, by imposing cyclic boundary conditions so tha
the planes of the film turn to be equivalent. This was do
with slightly different energy parameters so that the helix
commensurate with the lattice. We have found that the m
netic phase is the bulk conical state for any value ofH,
without the nucleation of the c-fan, confirming the predicti
of Eq. ~5!. Thus the c-fan is a genuine thin-film phase, th
results from the inhomogeneous overall accommodation
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